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(57) ABSTRACT 

In a particular embodiment, a storage device includes a data 
storage medium and a read/write circuit coupled the data 
storage medium via a communication channel. The read/ 
write circuit includes a formatter circuit to receive a readback 
signal related to data stored on the data storage medium and to 
produce an output vector related to the read back signal. The 
read/write circuit further includes a multiple-input multiple 
output (MIMO) equalizer coupled to the formatter circuit and 
adapted to generate an equalized output vector related to the 
output vector. The read/write circuit also includes a MIMO 
detector coupled to the MIMO equalizer and adapted to gen 
erate hard bit decisions based on the equalized output vector. 
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Aeceive a read back signal from a storage medium via a read head of 
a storage device, where the storage medium is a bit patterned 

medium (BPM), a perpendicular recording medium, or another type of 
recording medium 

902 

Estimate sampling instances using the Mn/M algorithm and generate 
samples from the read back signa/ 

Convert the sequence of samples into a 1 x 2 output bit stream via a 
buffer 

Equalize the 1 x 2 output bit stream via a multiple-input multiple 
output (MIMO) equalizer to produce an equalized output 

6enerafe hard bit decisions based on the equalized output via a 
MIMO defector, such as a MIMO Viterbf decoder or a MIMO data 

dependent noise predictive (DDWF) decoder 
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f0O2 Aeceive a vector bit stream related to a read back signa/from a 
channe/af a multiple-input multiple-output (MIWO) equalizer 

1OO4 6enerate an equalized output vector related to the vector bif 
stream via the MIAO equalizer 

OO6 6enerate hard bff decisions based on the equalized output vector 
using a MIMO defector 
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MULTI-INPUT MULTI-OUTPUT 
READ-CHANNEL ARCHITECTURE FOR 

RECORDING SYSTEMS 

FIELD 

0001. The present disclosure relates generally to a mul 
tiple-input multiple-output read-channel architecture for 
recording systems. 

BACKGROUND 

0002. In bit-patterned media, magnetic islands are stag 
gered in two Sub-tracks that constitute a single track for data 
storage. Along each sub-track, a magnetic island by a non 
magnetic region called a trench. The dimension of the read 
head in a down-track direction can be large enough to cover 
the entire track. In Such an arrangement, a read-back signal 
can include two convolution terms (in the absence of jitter), 
and two dot-responses, one for each Sub-track, is used to 
determine a clean version of the read-back signal. 

SUMMARY 

0003. In a particular embodiment, a storage device 
includes a data storage medium and a read/write circuit 
coupled the data storage medium via a communication chan 
nel. The read/write circuit includes a formatter circuit to 
receive a read back signal related to data stored on the data 
storage medium and to produce an output vector related to the 
read back signal. The read/write circuit further includes a 
multiple-input multiple-output (MIMO) equalizer coupled to 
the formatter circuit and adapted to generate an equalized 
output vector related to the output vector. The read/write 
circuit also includes a MIMO detector coupled to the MIMO 
equalizer and adapted to generate hard bit decisions based on 
the equalized output vector. 
0004. In another particular embodiment, a system is dis 
closed that includes a multiple-input multiple-output 
(MIMO) equalizer adapted to receive an input vector related 
to a read-back signal from a data storage medium to produce 
an equalized output vector. The system further includes a 
MIMO detector adapted to decode the equalized output vec 
tor to generate hard bit decisions and to provide the hard bit 
decisions to an output. 
0005. In still another particular embodiment, a method is 
disclosed that includes receiving a vectorbit stream related to 
a readback signal from a channel at a multiple-input multiple 
output (MIMO) equalizer and generating an equalized output 
vector related to the vector bit stream via the MIMO equal 
izer. The method further includes generating hard bit deci 
sions based on the equalized output vector using a MIMO 
detector and providing the hard bit decisions to an output. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0006 FIG. 1 is a block diagram of a particular illustrative 
embodiment of a multiple-input multiple-output (MIMO) 
inter-symbol interference channel; 
0007 FIG. 2 is a block diagram of a particular illustrative 
embodiment of a MIMO target channel for the equalized 
target channel illustrated in FIG. 1; 
0008 FIG. 3 is a diagram of a particular illustrative 
embodiment of a multiple-input multiple-output (MIMO) 
read-channel architecture; 
0009 FIG. 4 is a block diagram of a second particular 
embodiment of a MIMO read-channel architecture; 
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(0010 FIG. 5 is a graph of bit error rate (BERs) versus 
signal-to-noise ratios (SNRs) for particular illustrative 
embodiments of single-input single-output (SISO) and 
MIMO Viterbi-based read-channel architectures with a read 
head deviation of Zero percent (0%), minus ten percent 
(-10%), and plus ten percent (+10%); 
(0011 FIG. 6 is a graph of BER versus SNRs for the illus 
trative embodiments of the SISO and MIMO Viterbi-based 
read-channel architectures of FIG. 5 with sizejitter at 5% and 
position jitter at 5%; 
(0012 FIG. 7 is a graph of BERs versus SNRs for particular 
embodiments of a SISO Viterbi-based detector, a MIMO 
Viterbi-based detector, and a MIMO data-dependent noise 
prediction detector with size jitter at 5% and position jitter at 
20%: 
0013 FIG. 8 is a block diagram of a particular illustrative 
embodiment of a system including a hybrid storage device 
having a read channel that includes a MIMO equalizer, 
MIMO target filter, and a MIMO detector; 
0014 FIG. 9 is a flow diagram of a particular illustrative 
embodiment of a method of determining a read-back signal 
using a MIMO detector; and 
0015 FIG. 10 is a flow diagram of a second particular 
illustrative embodiment of a method of determining a read 
back signal using a MIMO detector. 

DETAILED DESCRIPTION OF ILLUSTRATIVE 
EMBODIMENTS 

0016. In bit-patterned media (BPM), magnetic islands can 
be staggered in the two Sub-tracks that constitute a single data 
recording track of the BPM. Along each sub-track, a magnetic 
island is followed by a non-magnetic region called the trench. 
The dimension of the read-head along the down-track direc 
tion can be large enough to cover the entire track. In this 
arrangement, it is observed that the read-back signal can be 
described as the sum of two convolution terms (in the absence 
of jitter). In other words, two dot responses (one for each 
sub-track) can be used to describe the clean-version of the 
read-back signal. The distinction between the two dot 
responses grows with an increase in the off-track head devia 
tion. This distinction can be captured as an amplitude varia 
tion and/or a half-width variation. In single-input single-out 
put systems, it may be assumed that the read back signal can 
be modeled as a convolution of user data and the channel 
response, which may not be true for BPM storage systems. 
0017. In a particular embodiment, a multiple-input mul 
tiple-output (MIMO) read-channel architecture is disclosed 
that includes a MIMO equalizer, a MIMO target filter, a 
MIMO data-dependent noise prediction (DDNP) detector to 
output symbol-level or bit-level reliabilities, and a modified 
timing recovery unit. It should be understood that the MIMO 
read-channel architecture can be used with bit-pattern media 
systems and as well as other types of data storage media, 
including, for example, perpendicular data recording media. 
The read-back signal from a BPM channel can be described 
according to the following equation: 

y|n) =XXr(k) brin-k+Xxe (klbe (n-k (Equation 1) 
k k 

Xxt{2 + listin - 2 - 1) + 
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-continued 

X. XR2i + 2 sign - 2 - 2 

XT2i + 1 
Xerin-2'- 1dBn - 2 - 2) XR2i + 2 

0018. In Equation 1, the variables X and X represent 
user symbols corresponding to top and bottom Sub-tracks of a 
bit pattern media (BPM). These symbol vectors are formed 
from the user symbol sequence X by dividing into two streams 
X and X such that X2k)=0 and X2k+1=0 for Wk. Addi 
tionally, the variables (p and pB represent responses corre 
sponding to magnetic islands (or dots) in the top and bottom 
Sub-track, respectively. In a particular embodiment, these 
responses can be very different from each other, depending on 
the off-track deviation of the read-head. 

(C. 1. XCE. 1 - 2 - 1dB2n + 1 - 2 - 2 (Equation 2) 
y2n + 2 (iT2n + 1 - 2 - 1jp2n + 2 - 2 - 2 

(E. 1. XB2i + 2 

(..." taps of it odd taps of cig E. 
odd taps of iT even taps of gig x2 + 2 

0019. An equivalent two-input and two-output channel 
can be defined according to the following equation: 

T ), h1 h1.2 (...) p -k k (, n X h2. h7.2 n WB k' 
(Equation 3) 

0020. The time index n' represents samples at instances 2n 
and 2n+1, and the time index k represent samples at instances 
2k and 2k+1. Also, Xk and Xk are bits X2k+1 and 
X2k+2, respectively. The channel model can be simply 
defined according to the following equation: 

0021 where the variable h is a 2x2 polynomial matrix 
representing the channel response, and the variable w repre 
sents the additive white noise random variable. 

0022 FIG. 1 is a block diagram of a particular embodi 
ment of an equalized multiple-input multiple-output (MIMO) 
inter-symbol interference (ISI) channel 100. The inter-sym 
bol interference channel 100 is adapted to receive sampled 
data (xn) 102 that are convolved with a channel response 
(Hn) 104 to produce a channel output signal 106. The chan 
nel output signal 106 is corrupted by white noise (wn) 110 
at node 108 to produce a corrupted signal (yn) 112. The 
corrupted signal (yn) 112 is passed through a multiple-input 

(Equation 4) 
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multiple-output (MIMO) equalizer (Fn) 114 to generate an 
equalized output signal (Zn) 116. The MIMO equalizer 
(Fn) 114 is designed simultaneously with a generalized 
partial response (GPR) target filter. 
0023 FIG. 2 is a block diagram of a particular embodi 
ment of a multiple-input multiple-output (MIMO) target 
channel 200 for the equalized channel illustrated in FIG. 1. 
The target channel 200 is adapted to receive sampled data 
(xn) 202 (which can be the same sampled data (xn) 102 
illustrated in FIG. 1) that are convolved with a target response 
(GLn) via a target response filter 204 to produce a channel 
output signal 206. The channel output signal 206 is adjusted 
by a noise signal (vn) 210 at node 208 to produce a target 
output signal (2n) 216. In a particular example, the GPR 
target filter 204 and the MIMO equalizer filter (Fn) 114 are 
designed to achieve a minimum mean squared error between 
the channel output signal 116 (in FIG. 1) and the target output 
signal 216 (in FIG. 2). In a particular example, the detector 
100 is designed as if the data samples (xn) 102 (illustrated in 
FIG. 1) had passed through the target channel 200. In this 
example, the ISI channel 100 and the target channel 200 are 
assumed to be equivalent for detection purposes. 
0024. Using a minimum mean square error (MMSE) 
equalization error as a cost function, the variance ofe:=GX 
Fy can be determined over all fand causal g subject to the 
monic determinant constraint: 

det G(O)=1 (det G(z) is monic. 

0025. The monic determinant constraint in Equation 5 is a 
natural constraint in an infinite impulse response (IIR) case 
because it manifests a posteriori equivalence of the equalized 
and target channel. In a particular embodiment, the general 
ized partial response equalizer and target illustrated in FIGS. 
1 and 2 can be finite impulse response (FIR) filters according 
to the following equations: 

(Equation 5) 

F={FIki-Kisks K} (Equation 6) 

0026 Considering the MMSE equalizer design for fixed 
target, the solution is obtained by solving for the related 
Toeplitz matrices. In particular, the solution is obtained by 
Solving the following equation: 

(Equation 7) 

E(efnly In-1})=0 for -Ks 1sK 

0027 
Y=(GILF, GIL-11, ..., G(O) 

(Equation 8) 

which yields YR-pR, where, 
(Equation 9) 

(p=(FIKI. FIK-11, ..., FF-K) 

10028 and R, and Rare the related block Toeplitz matri 
ces formed using the blocks rk and r, Ik), respectively. In 
a particular example, the second order statistics can be esti 
mated by temporal averaging using a Sufficiently long train 
ing data set because X and y are ergodic random processes. 
The solution is described by the following equation: 

0029. In this example, the minimum value for the equal 
ization error variance can be determined according to the 
following equation: 

0030 Considering the target design problem, Equation 12 
can be minimized over all causal targets g with lower-trian 
gular function GO satisfying the determinant det GO=1. In 

(Equation 10) 

(Equation 11) 

(Equation 12) 
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a particular example, a minimized solution can be computed 
according to the following equation: 

0031. In light of the Equations 1-13 above, a target read 
back value can be determined according to the following 
equation: 

dIkji=GOIGIki/ 

0032 To solve for g and d, the variable X can be selected 
to make the determinant det(\dO)=1, and Equation 14 (for 
k=0) can be factored so that GO is lower-triangular. Then, 
Equation 15 below can be solved for the remaining terms: 

0033. In a printed bit patterned media (BPM), dot-size 
jitter and dot-position jitter introduce a pattern-dependency 
into the noise model. A data-dependent noise prediction 
(DDNP) detector can be used to correct for the pattern-de 
pendent noise, particularly where the DDNP detector is 
adapted for a multiple-input multiple-output (MIMO) chan 
nel model of BPM systems. 
0034. For convenience, it is assumed that the number of 
sub-tracks (or sub-channels) of the BPM media can be rep 
resented as Nc-2. Additionally, a hard-decision Viterbidetec 
toris assumed to be used. In this example, at any time instance 
k, the input bit b is a vector (Ncx1) that is passed through a 
MIMO channel and a MIMO equalizer. The MIMO equalizer 
and target filters, which have taps that are NcxNc matrices, 
can be designed to minimize the mean-squared error under a 
monic-determinant constraint. If the target filter G has an 
order (i.e., a number of taps) of I+1, then the matrices include 
an I-1x1 array of NcxNc matrices. For instance, GIO is an 
NcxNc matrix having a unit determinant. 
0035. In a particular embodiment, the pattern-dependence 
in noise realizations can be dealt with by using a past L 
received noise samples and 8 future bits. In this embodiment, 
a total number of states in a corresponding trellis is defined as 
(2Y)''' because L+I bits are required to recreate past L 
noise samples. There are 2' branches that arrive and leave 
each state of the trellis, and therefore there are (2')'''''' 
branches in total. An array bel?" is an L+I+6-array of 2x1 
vectors, which array serves as a branch label for the branches 
of the trellis. 

0036. In a particular embodiment, a training stage 
includes determining a mean noise and prediction filters that 
are conditioned on the array bel?". In a particular 
example, the mean noise n, is conditioned on the array 
bi?". The noise can be described according to the follow 
ing equation: 

(Equation 13) 

(Equation 14) 

(Equation 15) 

n if:=r -s if (Equation 16) 

where the variable r represents the equalizer output and the 
variable S represents an ideal (no noise) target output. The 
data-dependent noise prediction (DDNP) filters (q) can be 
conditioned on the array bef". For prediction purposes, 
the mean noise n, is Zeroed out by Subtracting the esti 
mated mean. In this example, a prediction filter is an L-array 
of 2x2 matrices that can be used to predict the pattern depen 
dent component of the noise fi, where the noise firepresents a 
ZO-eal component 
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0037. In the detection stage, for each branch of the trellis, 
a noise prediction for each sampled bit can be described by 
the following equation: 

0038 Assuming that a hard-decision Viterbialgorithm is 
used for detection, the branch metric can be described accord 
ing to the following equation: 

(Equation 17) 

i. Ci (Equation 18) 
No 

where the variable C represents the predictor error variance. 
The mean noise vectors for the mean noisen," are estimated 
for each branch. The non-zero mean is a result of noise col 
oring at the output of the equalizer. Also, the predictor error 
variance of two 2x1 vectors is a 2x2 matrix. 
0039 FIG. 3 is a diagram of a particular illustrative 
embodiment of a multiple-input multiple-output (MIMO) 
read-channel architecture 300. The architecture 300 includes 
data source 302 to provide a read back signal and a sampler 
304 having a sample period (T) to sample the read-back 
signal. The sampler 304 provides the sampled read back data 
to a buffer and formatter 306, which is adapted to convert the 
sampled readback data to a 1x2 output stream (y, y). The 
sampled read back data is provided to an interpolator 308. At 
every 2T instance, the interpolator 308 also receives a timing 
feedback vector (a 1x2 vector (t, t)) via line 324 from a 
loop filter 322 and produces an interpolated vector (y--t, 
y+t,+1) that is provided to a MIMO equalizer 310. The 
MIMO equalizer 310 provides an equalized output vector to 
a node 311 that is coupled to a MIMO Viterbi detector 312, 
which produces hard bit decisions (b. bs) from the 
equalized output vector and provides the hard bit decisions to 
a MIMO generalized partial response (GPR) target filter 314, 
which produces a target output vector. The equalized outputat 
the node 311 is subtracted from the target output vector of the 
MIMO GPR target filter 314 at 316 to produce timing error 
data that is provided to a timing error detector 320, which 
produces a 1x2 timing error vector (AT, AT). In a particu 
lar embodiment, the timing error detector 320 can be a Muel 
ler-Müller (M&M) Timing error detector adapted to apply an 
M&M timing update rule, except that two timing updates at 
each 2T instance are generated by the timing error detector 
320. The timing error vector (AT, AT) is provided to a 
loop filter 322, which generates a timing instance vector (t. 
t) that is fed back to the interpolator 308. 
0040 FIG. 4 is a block diagram of a second particular 
embodiment of a MIMO read-channel architecture 400. The 
architecture 400 is a non-iterative MIMO architecture. The 
architecture 400 includes a sampled read-back input 402 that 
is converted to a stream of 1x2 vectors that are provided to a 
multiple-input multiple-output (MIMO) equalizer 404, 
which is a two-input and two-output equalizer and which 
produces an equalized output that is a 1x2 vector. The equal 
ized output is provided to a MIMO data-dependent noise 
predictive (DDNP) Viterbi detector 406. The detector 406 
provides a vector of hard bit-decisions to a run length limited 
(RLL) decoder 410, which provides decoded data to a Reed 
Solomon (RS) decoder 410 to produce the user data from the 
sampled read-back input 402. 
0041. In a particular example, a side-by-side comparison 
of a SISO architecture and a MIMO architecture 400 was 
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made. In this example, the SISO architecture had an equalizer 
filter of length 31 and a generalized partial response (GPR) 
target filter of length 16. The MIMO architecture 400 had a 
MIMO equalizer filter of length 15 and a GPR target filter of 
length 3. For MIMO architecture 400 and SISO architecture, 
Viterbi and Viterbi data-dependent noise predictive (DDNP) 
detectors were used. For the MIMO architecture 400, MIMO 
detectors are used and, for the SISO architecture, SISO detec 
tors are used. The lengths of the prediction filters of the 
MIMO architecture 400 and the SISO architecture are chosen 
Such that they process the same number of read back data 
samples. The results of a side-by-side comparison are shown 
in TABLE 1 below. 

TABLE 1. 

SISO versus MIMO on 600 Mbps Packets. 

Architecture GPRTaps Detector Channel BER CS 

SISO 6 Viterbi 4.06 x 10 O 
MIMO 3 Viterbi 6.90 x 10 O 
SISO 6 Viterbi-DDNP 3.49 x 10' O 
MIMO 3 Viterbi-DDNP 1.07 x 10 O 

0042. The data in Table 1 was obtained by processing 
signal read back from perpendicular recording media. In this 
particular example, the read head does not span over multiple 
tracks. In other words, adjacent tracks were not read. In this 
particular example, the MIMO equalizer-target concept was 
applied to a channel with a single track, and the two input 
streams were generated by partitioning serial read back from 
the channel. In Table 1, two hundred fifty (250) sectors of a bit 
patterned media (BPM) were processed. The BER computa 
tion excludes the sectors used to train the prediction filters. 
The side-by-side test of Table 1 demonstrates that the MIMO 
architecture 400 outperforms the SISO architecture. In this 
particular instance, the MIMO architecture 400 with the Vit 
erbi-DDNP detector did not gain over the MIMO architecture 
with the Viterbi detector (and without noise prediction). In 
this particular example, the discrepancy may be attributed to 
the length of the noise prediction training process. 
0043 FIG.5 is a graph500 of biterror rates (BERs) versus 
signal-to-noise ratios (SNRs) for particular illustrative 
embodiments of single-input single-output (SISO) and 
MIMO Viterbi-based read-channel architectures with a read 
head deviation of Zero percent (0%), minus ten percent 
(-10%), and plus ten percent (+10%). In this instance, the 
equalizer and target filters are MIMO filters where each tap is 
a 2x2 matrix. In a particular embodiment, a monic determi 
nant constraint is imposed. The MIMO equalizer receives a 
2-bit input and produces a 2-bit output. Fora BPM system that 
has a density of 250 Gdots/in (Giga-Islands/in), the equal 
izer lengths of the SISO and MIMO architectures were 31 and 
15, respectively. Further, the target lengths of the SISO and 
MIMO architectures were 6 and 3, respectively. In the SISO 
and MIMO architectures, the same number of bits/received 
symbols were used in processing. Further, in this particular 
instance, the data-dependent noise prediction (DDNP) detec 
torparameters include past sample bits (L) and future bits (Ö). 
The SISO and MIMO architectures include 2 and 1 future 
bits, respectively, and includes 2 and 1 past bits, respectively. 
0044) The graph 500 includes a line 502 that represents 
BER versus SNR for a MIMO detector with an on-track read 
head (i.e., the read head position delta (A) is Zero). The graph 
500 further includes lines 504 and 506 that represent BER 
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versus SNR for a MIMO detector where the read head is 
off-track by minus or plus ten percent (10%), respectively 
(i.e., the read head position delta is +10 or -10). The graph 
also includes lines 512, 514, and 516 representing a SISO 
detector with a read head that is on track (A=0) and off-track 
by minus or plus 10% (A=+10%), respectively. 
0045. In a particular example, for the SISO and MIMO 
detectors where the read head is on-track (i.e., at A=0), the dot 
responses (or BER versus SNR responses) are similar, and (as 
shown at 502 and 512) hence the MIMO detector does not 
produce an observable SNR gain. However, when the read 
head deviates from the track by ten percent (as indicated at 
506), the MIMO detector produces again of about two (2) dB. 
When the read head deviates from the track by minus ten 
percent (as indicated at 504), the MIMO detector gain is 
approximately one (1) dB. The gains observed from the 
MIMO detector can be attributed to the MIMO equalizer and 
target design. 
0046 FIG. 6 is a graph 600 of BER versus SNRs for the 
illustrative embodiments of the SISO and MIMO Viterbi 
based read-channel architectures of FIG. 5 with pattern-de 
pendent noise at 5% size. In the graph 600, pattern-depen 
dence in noise at five (5) percent size and positionjitter are not 
significant. Hence, MIMO and SISO Viterbi detectors are 
used. 
0047. As shown, the graph 600 includes a line 602 that 
represents BER versus SNR for a MIMO detector with an 
on-track read head (i.e., the read head position delta (A) is 
Zero). The graph 600 further includes lines 604 and 606 that 
represent BER versus SNR for a MIMO detector where the 
read head is off-track by minus or plus ten percent (10%), 
respectively (i.e., the read head position delta is +10 or -10). 
The graph also includes lines 612, 614, and 616 representing 
a SISO detector with a read head that is on track (A=0) and 
off-track by minus or plus 10% (A=+10%), respectively. 
0048. In a particular example, for the SISO and MIMO 
detectors where the read head is on-track (i.e., at A=0), the dot 
responses (or BER versus SNR responses) are similar, and (as 
shown at 602 and 612) hence the MIMO detector does not 
produce an observable SNR gain. However, when the read 
head deviates from the track by ten percent (as indicated at 
606), the MIMO detector produces again of about two (2) dB. 
When the read head deviates from the track by minus ten 
percent (as indicated at 604), the MIMO detector gain is 
approximately one (1) dB. The gains observed from the 
MIMO detector can be attributed to the MIMO equalizer and 
target design. 
0049 FIG. 7 is a graph 700 of BERs versus SNRs for 
particular embodiments of a SISO Viterbi-based detector, a 
MIMO Viterbi-based detector, and a MIMO data-dependent 
noise-prediction detector. The graph 700 includes a line 702 
that represents BER versus SNR for a MIMO Viterbi-based 
detector with an on-track read head (i.e., the read head posi 
tion delta (A) is zero). The graph also includes lines 712,714, 
and 716 representing a SISO detector with a read head that is 
on-track (A=0) and off-track by minus or plus 10% (A=+ 
10%), respectively. The graph further includes a line 722 that 
represents BER versus SNR for a MIMO data dependent 
noise predictive (DDNP) detector with an on-track head. The 
lines 724 and 726 represent the BER versus SNR for the 
MIMO DDNP detector with off-track head position of minus 
and plus 10%, respectively. 
0050. In this particular example, a significant flattening of 
the curve is observed due to twenty-percent position jitter. 
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However, the MIMO DDNP detector demonstrated signifi 
cant SNR gains with respect to the off-track positions (rep 
resented by lines 724 and 726). In a particular embodiment, 
the MIMO DDNP detector produced again of about 8 dB 
relative to the SISO detector at a read head offtrack positions 
of minus and plus 10%. Thus, the MIMO DDNP detector 
exhibits significant gains over SISO read-channel architec 
tures, which gains can be observed in perpendicular recording 
systems, bit-patterned media-based storage systems, other 
data storage systems, or any combination thereof. 
0051 FIG. 8 is a block diagram of a particular illustrative 
embodiment of a system 800 including a hybrid storage 
device 802 having a read/write channel 816 that includes a 
multiple-input multiple-output (MIMO) equalizer 860, a 
MIMO target filter 862, and a MIMO detector 864. As used 
herein, the term “hybrid storage device' refers to a storage 
device that includes a first storage media and a second storage 
media. In a particular embodiment, the term "hybrid storage 
device' may refer to a storage device that includes both solid 
state and disc storage media. Further, as used herein, the term 
'solid-state storage medium” refers to storage medium that 
utilizes semiconductor properties to represent data values and 
that has no moving parts to record or retrieve the data. 
0052. The hybrid storage device 802 includes both disc 
storage media (one or more discs 856) and Solid-state storage 
medium, such as a flash memory device (data flash 834, flash 
firmware 838, etc.). The hybrid storage device 802 is adapted 
to communicate with a host system 804. In a particular 
embodiment, the host system 804 can be a computer, a pro 
cessor, a mobile telephone, a personal digital assistant (PDA), 
another electronic device, or any combination thereof. In a 
particular example, the hybrid storage device 802 can com 
municate with the host system 804 via a universal serial bus 
(USB), a serial advanced technology attachment (SATA) 
interface, another type of communication interface, or any 
combination thereof. In another particular example, the 
hybrid storage device 802 can be a stand-alone device that is 
adapted to communicate with the host system 804 via a net 
work, Such as via a network cable using a networking proto 
col. 
0053. The hybrid storage device 802 includes recording 
subsystem circuitry 806 and a head-disc assembly 808. The 
recording subsystem circuitry 806 includes storage device 
read/write control circuitry 810 and disc-head assembly con 
trol circuitry 820. The recording subsystem circuitry 806 
further includes an interface circuit 812, which includes a 
data buffer for temporarily buffering data received via the 
interface circuit 812 and which includes a sequencer for 
directing the operation of the read/write channel 816 and the 
preamplifier 850 during data transfer operations. The inter 
face circuit 812 is coupled to the host system 804 and to a 
control processor 818, which is adapted to control operation 
of the hybrid storage device 802. 
0054. In a particular embodiment, the control processor 
818 is adapted to execute MIMO decoding logic 819 to 
optionally control decoding of the read back signal from a 
recording medium, such as one or more discs 856. The control 
processor 818 is coupled to a servo circuit 822 that is adapted 
to control the position of one or more read/write heads 854 
relative to the one or more discs 856 as part of a servo loop 
established by the one or more read/write heads 854. The one 
or more read/write heads 854 can be mounted to a rotary 
actuator assembly to which a coil 852 of a voice coil motor 
(VCM) is attached. The VCM includes a pair of magnetic flux 
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paths between which the coil 852 is disposed so that the 
passage of current through the coil 852 causes magnetic inter 
action between the coil 852 and the magnetic flux paths, 
resulting in the controlled rotation of the actuator assembly 
and the movement of the one or more heads 854 relative to the 
surfaces of the one or more discs 856. In a particular embodi 
ment, the one or more discs 856 represent rotatable, non 
volatile storage media. The servo circuit 822 is used to control 
the application of current to the coil 852, and hence the 
position of the heads 854 with respect to the tracks of the one 
or more discs 856. 

0055. The disc-head assembly control circuitry 820 
includes the servo circuit 822 and includes a spindle circuit 
824 that is coupled to a spindle motor 858 to control the 
rotation of the one or more discs 856. The hybrid storage 
device 802 also includes an auxiliary power device 828 that is 
coupled to voltage regulator circuitry 826 of the disc-head 
assembly control circuitry 820 and that is adapted to operate 
as a power source when power to the hybrid storage device 
802 is lost. In a particular embodiment, the auxiliary power 
device 828 can be a capacitor or a battery that is adapted to 
supply power to the hybrid storage device 802 under certain 
operating conditions, such as unexpected power loss, discon 
nection of alternating-current (AC) power, and other power 
loss events. In a particular example, the auxiliary power 
device 828 can provide a power supply to the recording sub 
system assembly 806 and to the disc-head assembly 808 to 
record data to the one or more discs 856 when power is turned 
off. Further, the auxiliary power device 828 may supply 
power to the recording subsystem assembly 806 to record 
data to the data flash 834 when power is turned off. 
0056. Additionally, the hybrid storage device 802 includes 
the data flash memory 834, a dynamic random access 
memory (DRAM) 836, firmware 838 (i.e., a solid-state 
memory, Such as a flash memory), other memory 842, or any 
combination thereof. In a particular embodiment, the firm 
ware 838 is accessible to the control processor 818 and is 
adapted to store MIMO decoding logic instructions 840, 
which can be executed by the control processor 818. 
0057. In a particular embodiment, the read write channel 
816 includes the MIMO equalizer 860, which is adapted to 
receive multiple inputs (such as a 1x2 bit stream) from the 
read/write head 854 via the preamplifier 850. In a particular 
embodiment, the read/write channel 816, the head 854, or the 
preamplifier circuit 850 can include a buffer and a formatter 
(such as the buffer and formatter 306) to temporarily buffer 
read back data and to convert the read back data into a 1x2 
output bit stream that is provided to the MIMO equalizer 860. 
The MIMO equalizer 860 is adapted to compensate for dis 
tortion due to signal attenuation, amplification from the 
preamplifier, noise, other sources of distortion, or any com 
bination thereof. The MIMO equalizer 860 produces an 
equalized output that is provided to the MIMO detector 864, 
which is adapted to make hard bit decisions based on the 
equalized output. The MIMO detector 864 may be coupled to 
a generalized partial response (GPR) MIMO target filter 862, 
which is adapted to generate a target response from which the 
equalized output to produce a difference value, which can be 
used by a timing error detector to produce a timing adjustment 
signal. 
0058 Inaparticular embodiment, the MIMO detector 864 

is a MIMO data-dependent noise predictive (DDNP) decoder. 
In another particular embodiment, the MIMO equalizer 860, 



US 2010/021 1830 A1 

the MIMO target filter 862, and the MIMO decoder 864 can 
be programmed by the control processor 818 using the 
MIMO decoding logic 819. 
0059 FIG. 9 is a flow diagram of a particular illustrative 
embodiment of a method of determining a read-back signal 
using a MIMO detector. At 902, a read back signal is received 
from a storage medium via a read head of a storage device, 
where the storage medium is a bit patterned medium (BPM), 
a perpendicular recording medium, or another type of record 
ing medium. Advancing to 904, sampling instances are esti 
mated using the Mueller-Muller (MnM) algorithm to gener 
ate samples from the read back signal. Proceeding to 906, the 
sequence of samples is converted into a 1x2 output bit stream 
via a buffer. In a particular embodiment, the buffer can 
include a formatter to convert a serial bit stream into the 1x2 
output bit stream. 
0060 Continuing to 908, the 1x2 output bit stream is 
equalized via a multiple-input multiple-output (MIMO) 
equalizer to produce an equalized output. In a particular 
embodiment, the equalizer is adapted to compensate for dis 
tortion due to signal attenuation, amplifier-related distortion, 
other distortion, or any combination thereof. Proceeding to 
910, hard bit decisions are generated based on the equalized 
output via a MIMO detector, such as a MIMO Viterbi-based 
decoder, a MIMO data-dependent noise-predictive (DDNP) 
decoder, or another MIMO decoder. In a particular embodi 
ment where adequate training information is available, a 
MIMO DDNP decoder may be used to decode the data to 
produce a decoded output signal that has a bit error rate that is 
a significant improvement over a conventional SISO detector. 
The method terminates at 912. 
0061 FIG. 10 is a flow diagram of a second particular 
illustrative embodiment of a method of determining a read 
back signal using a MIMO detector. At 1002, a vector bit 
stream is received that is related to a read back signal from a 
channel at a multiple-input multiple-output (MIMO) equal 
izer. In a particular embodiment, the channel includes a 
recording channel associated with a data storage medium, 
Such as a bit patterned medium, a perpendicular recording 
medium, another recording medium, or any combination 
thereof. Additionally, in a particular embodiment, the vector 
bit stream includes a 1x2 vector bit stream, which may be 
produced by a buffer/formatter that is adapted to receive a 
serial bit stream (read back signal) and to produce a vector 
output related to the read back signal. 
0062) Advancing to 1004, an equalized output vector is 
generated that is related to the vectorbit stream via the MIMO 
equalizer. Proceeding to 1006, hard bit decisions are gener 
ated based on the equalized output vector using a MIMO 
detector. Continuing to 1008, the hard bit decisions are pro 
vided to an output. The method terminates at 1010. 
0063. In a particular embodiment, the method further 
includes determining a target vector related to the hard bit 
decisions at a generalized partial response (GPR) MIMO 
target filter and calculating a timing error vector based on a 
difference between the equalized output vector and the target 
vector via a timing error detector. The method further 
includes feeding back the timing error vector via a loop filter. 
In a particular example, the timing error detector comprises a 
Mueller-Müller (M&M) Timing error detector. In another 
particular embodiment, the method further includes interpo 
lating the vector bit stream via an interpolator based on the 
timing error vector and providing the interpolated vector bit 
stream to the MIMO equalizer as the vector bit stream. 
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0064. It is to be understood that even though numerous 
characteristics and advantages of various embodiments of the 
invention have been set forth in the foregoing description, 
together with details of the structure and function of various 
embodiments of the invention, this disclosure is illustrative 
only, and changes may be made in detail, especially in matters 
of structure and arrangement of parts within the principles of 
the present invention to the full extent indicated by the broad 
general meaning of the terms in which the appended claims 
are expressed. For example, the particular elements may vary 
depending on the particular application for the data storage 
system while maintaining Substantially the same functional 
ity without departing from the scope and spirit of the present 
invention. In addition, although the preferred embodiment 
described herein is directed to a data storage system having a 
MIMO equalizer, a MIMO target filter, and a MIMO detector 
for decoding user data from a read back signal, it will be 
appreciated by those skilled in the art that the teachings of the 
present invention can be applied to other communication 
channels that are sampled serially, that provide multiple input 
data, that include data-dependent noise, or any combination 
thereof, without departing from the scope and spirit of the 
present invention. 

What is claimed is: 
1. A storage device comprising: 
a data storage medium; and 
a read/write circuit coupled the data storage medium via a 

communication channel, 
the read/write circuit comprising: 
a formatter circuit to receive a readback signal related to 

data stored on the data storage medium and to produce 
an output vector related to the read back signal; 

a multiple-input multiple-output (MIMO) equalizer 
coupled to the formatter circuit and adapted to gener 
ate an equalized output vector related to the output 
vector, and 

a MIMO detector coupled to the MIMO equalizer and 
adapted to generate hard bit decisions based on the 
equalized output vector. 

2. The storage device of claim 1, further comprising a 
MIMO target filter coupled to the MIMO detector and 
adapted to generate a target vector related to the hard bit 
decisions. 

3. The storage device of claim 2, further comprising a 
timing error detector coupled to the MIMO target filter and 
adapted to generate a timing error vector based on a differ 
ence between the target vector and the equalized output vec 
tOr. 

4. The storage device of claim 3, wherein the data storage 
medium comprises a bit patterned medium (BPM), and 
wherein the output vector is related to user symbols associ 
ated with first and second sub-tracks of the BPM. 

5. The storage device of claim 3, wherein the data storage 
medium comprises a perpendicular recording medium, and 
wherein the output vector is related to user symbols associ 
ated with adjacent tracks of the perpendicular recording 
medium. 

6. The storage device of claim3, wherein the MIMO detec 
tor comprises a MIMO data-dependent noise predictive 
(DDNP) decoder. 
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7. A system comprising: 
a multiple-input multiple-output (MIMO) equalizer 

adapted to receive an input vector related to a read-back 
signal from a data storage medium to produce an equal 
ized output vector; and 

a MIMO detector adapted to decode the equalized output 
vector to generate hard bit decisions and to provide the 
hard bit decisions to an output. 

8. The system of claim 7, wherein the MIMO detector 
comprises a MIMO data-dependent noise predictive decoder. 

9. The system of claim 7, wherein the MIMO detector 
comprises a MIMO Viterbi-based decoder. 

10. The system of claim 7, further comprising: 
a MIMO target filter to produce a target vector based on the 

hard bit decisions; and 
a timing error detector to determine a timing error vector 

related to a difference between the equalized output 
vector and the target vector. 

11. The system of claim 10, further comprising: 
a loop filter to receive the timing error vector and to pro 

duce a feedback timing vector, and 
an interpolator coupled to the loop filter and to a buffer to 

receive an input bit stream related to the readback signal 
and to produce the input vector based on the input bit 
stream and the feedback timing vector. 

12. The system of claim 11, wherein the timing error detec 
tor is adapted to produce two timing updates via the timing 
error vector every two time intervals. 

13. The system of claim 7, wherein the data storage 
medium comprises a bit patterned medium, and wherein the 
read back signal is related to first and a second sub-tracks of 
the bit patterned data storage media, 

14. The storage device of claim 7, wherein the data storage 
medium comprises a perpendicular recording medium, and 
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wherein the output vector is related to user symbols associ 
ated with adjacent tracks of the perpendicular recording 
medium. 

15. A method comprising: 
receiving a vector bit stream related to a read back signal 

from a channel at a multiple-input multiple-output 
(MIMO) equalizer; 

generating an equalized output vector related to the vector 
bit stream via the MIMO equalizer; 

generating hardbit decisions based on the equalized output 
vector using a MIMO detector; and 

providing the hard bit decisions to an output. 
16. The method of claim 15, wherein the channel com 

prises a recording channel associated with a data storage 
medium. 

17. The method of claim 15, wherein the vector bit stream 
comprises a 1x2 vector bit stream. 

18. The method of claim 15, further comprising: 
determining a target vector related to the hard bit decisions 

at a generalized partial response (GPR) MIMO target 
filter; 

calculating a timing error vector based on a difference 
between the equalized output vector and the target vec 
tor via a timing error detector, and 

feeding back the timing error vector via a loop filter. 
19. The method of claim 18, wherein the timing error 

detector comprises a Mueller-Müller (M&M) Timing error 
detector. 

20. The method of claim 17, further comprising: 
interpolating the vectorbit stream via an interpolator based 

on the timing error vector; and 
providing the interpolated vector bit stream to the MIMO 

equalizer as the vector bit stream. 
c c c c c 


